H umic substances (HS) are the major source of C in soils (Stevenson, 1994) . Th ey are formed during the decomposition of plant and animal residues by chemical reactions (Sparks, 1995) and are resistant to microbial degradation (Lovley et al., 1996) . Th e chemical nature and structural features of HS, however, are under continuous debate. Both the heterogeneity of the fresh organic residues and the possible existence of diff erent degradation-humifi cation pathways involve the presence in HS of diverse functional and structural compositions, although they normally present common qualitative patterns (Schnitzer, 1991; Stevenson, 1994) . As a consequence of this complexity, the HS classifi cation is ordinarily operational, and it is principally based on their solubility at diff erent pH values and ionic strengths (I). According to this classical classifi cation, HS in solution can be subdivided into the following molecular fractions: GHA, which is the molecular fraction insoluble at acid pH and soluble at alkaline pH but insoluble at neutral pH and high I; BHA, which is the molecular fraction insoluble at acid pH but soluble at alkaline pH and also at high I; and fi nally, FA, which is the molecular fraction soluble at acid pH and at both low and high I (Baigorri et al., 2007 An adequate knowledge of the chemical and structural features that characterize the main fractions of humic substances in solution is of great interest to better understand a number of processes occurring in nature. Qualitative analysis of the spectra derived from diverse analytical techniques is frequently complicated, however, partially due to the quantity and complexity of the data. In this context, multivariate statistical analysis has proven to be a useful tool to integrate and interpret all this information. In this study, we applied Pareto analysis to the spectrum data derived from the application of diverse analytical techniques to several samples of humic substances. Th e humic substances considered in the study belong to the following groups: gray humic acid (GHA), brown humic acid (BHA), and fulvic acid (FA). Th e analytical techniques applied were ultraviolet-visible light, synchronous fl uorescence, and Fourier transform infrared spectroscopies, 13 C nuclear magnetic resonance spectrometry, and pyrolysis gas chromatography-mass spectrometry. Th e results show the effi ciency of Pareto analysis at discriminating between the diff erent groups of humic substances. Th is discrimination corresponded to specifi c spectral regions for each group, which corresponded to singular structural features. Th us, GHA presented a marked aliphatic character and low functionality. Th e BHA group presented high structural homogeneity characterized by a high aromatic character, including signifi cant ring condensation and complexity, and signifi cant functionality. Th e FA group was very disperse, with high diversity in functional arrangements of simpler organic molecules, low condensed aromatic rings, and a very high concentration of O-containing functional groups that might be involved in metal intermolecular bridges. A discriminant analysis of data derived from the Pareto analysis confi rmed the validity of these singular structural features as representative of each humic substance group.
In the past years, many researchers have deepened the characterization of HS using several analytical techniques. Th ese techniques include ultraviolet-visible light spectroscopy (UV-Vis), Fourier-transform infrared spectroscopy (FTIR), synchronous fl uorescence spectroscopy (SFS), solid-state 13 C nuclear magnetic resonance spectrometry (NMR), and pyrolysis gas chromatography-mass spectrometry (GC-MS). Recently Baigorri et al. (2007) analyzed several humic fractions using a complementary multianalytical technique strategy and analyzed the obtained results only from a qualitative point of view. Th is study suggested that GHA accumulated principally aliphatic structures, whereas BHA was more aromatic and functionalized than GHA. Finally, FA presented less transformed molecules and simpler aromatic arrangements.
Th e great complexity and quantity of spectral data, however, makes both a global and complete analysis of the spectra very diffi cult (Stevenson, 1994; Schnitzer, 1991; Baigorri et al., 2007 Baigorri et al., , 2008 . Previous studies have shown the usefulness of statistical methods for the quantitative or semiquantitative analysis of very complex data sets, such as those derived from mass spectroscopy (Beauchemin et al., 2002; Boehme et al., 2004; Celano et al., 2008; Lucio and Schmitt-Kopplin, 2006; Moreda-Piñeiro et al., 2006; Peña-Méndez et al., 2005; White et al., 2007; Šmejkalová and Piccolo, 2008) . Among these statistical methods, the use of a specifi c method of principal components analysis (PCA), Pareto analysis, has proven to be very promising (Baigorri et al., 2008) . Principal components analysis reduces the data set but thereby loses some information (Baigorri et al., 2008; Beauchemin et al., 2002; Boehme et al., 2004; Celano et al., 2008; Lucio and Schmitt-Kopplin, 2006; Moreda-Piñeiro et al., 2006; Peña-Méndez et al., 2005; White et al., 2007; Šmejkalová and Piccolo, 2008) . Pareto analysis is a statistical technique used in decision making that selects those facts that produce a signifi cant overall eff ect. It uses the Pareto principle: a large majority of consequences (80%) are produced by a few key causes (20%). Th is complementary statistical approach allows analysis of all of the data derived from the use of the diff erent analytical techniques (Karuppusami and Gandhinathan, 2006) . Likewise, it facilitates the identifi cation of those structural features that characterize and discriminate each humic fraction.
In this context, the aim of this study was to use the Pareto methodology for the analysis of data derived from the application of diff erent analytical techniques (UV-Vis, FTIR, 13 C-NMR, SFS, and pyrolysis GC-MS) for the analysis of several HS samples. Th is analysis permits us to evaluate which region (or regions) of the spectrum is more relevant to defi ne each HS fraction. Finally, we have performed a discriminant analysis of the PCA-Pareto data to assess the capacity of these specifi c structural markers for grouping the diff erent HS fractions (GHA, BHA, and FA).
MATERIALS AND METHODS

Humic Materials
Soil humic acids from diff erent origins were used in this study: a young brown coal humic acid (leonardite) extracted from a soil sample from the Czech Republic (Novák et al., 2001 ), a commercial humic acid from Sigma-Aldrich Corporation (St. Louis, MO), and a leonardite standard humic acid from the International Humic Substances Society (IHSS). Two fulvic acids from IHSS standards were included in this work: Suwannee River reference fulvic acid and Waskish peat reference fulvic acid.
Extraction Procedure
Th e diff erent humic fractions were isolated following an IHSS procedure (Stevenson, 1994; Swift , 1996) . Humic acids were fractionated in GHA and BHA fractions according to Swift (1985) . Briefl y, we dissolved 12 g L −1 of humic acid in 2 mol L −1 KCl at pH 7. Aft er 12 h of continuous stirring, the suspension was centrifuged (7650 relative centrifugal force). Th e solution containing BHA and the precipitate containing GHA were purifi ed following an IHSS procedure (Stevenson, 1994; Swift , 1996) until the ash contents were <2%. Th e fractions were purifi ed and freeze-dried. Th e samples were named as follows: Aldrich gray humic acid (AGHA), Aldrich brown humic acid (ABHA), leonardite standard gray humic acid (LGHA), leonardite standard brown humic acid (LBHA), Czech gray humic acid (ZGHA), Czech brown humic acid (ZBHA), Waskish peat reference fulvic acid (WPFA), and Suwannee River reference fulvic acid (SRFA).
Solid-State Carbon-13 Nuclear Magnetic Resonance Spectrometry
Solid-state 13 C-NMR spectra were obtained with a Bruker Avance AV-400WB (Bruker Corp., Billerica, MA) spectrometer (9.4 T) at 100.47 MHz, using the cross-polarization magic angle spinning technique, with a rotation speed of 12 kHz, 90° pulse width, 30-ms acquisition time, and 4.0-s delay.
Synchronous Fluorescence Spectroscopy
Fluorescence spectra were performed on a PerkinElmer (Waltham, MA) LS50B fl uorescence spectrophotometer, under the same conditions described by Peuravuori et al. (2002) .
Fourier-Transform Infrared Spectroscopy
Th e KBr Pellets were prepared by mixing 1 mg of each freeze-dried sample with 100 mg of KBr until homogenized. Infrared spectra were recorded from these pellets with a Nicolet Magna-IR 550 spectrometer (Nicolet Instruments, Madison, WI) across the 4000 to 400 cm −1 range, with a resolution of 2 cm −1 . Japan), and heated at 500°C for 1 min. Th e pyrolysis products were injected directly through a deactivated needle inserted in the GC-MS injector. Th e GC injector temperature was 250°C, and the interface between the pyroprobe and the GC system was kept at 350°C. Th e temperature program was 50 to 100°C at a rate of 30°C min −1 , followed by 100 to 300°C at 10°C min −1 .
Ultraviolet-Visible Light Spectroscopy
Th e UV-Vis studies were performed by molecular absorption in the 250-to 680-nm range with a HP 8453 spectrophotometer (Agilent Technologies), in 1.000-cm path length quartz cuvettes.
Statistical Software
Th e analytical data from all analytical techniques used were treated to obtain Pareto analysis PCA by MarkerView 1.1 soft ware (Applied Biosystems, Foster City, CA). Multivariate data analyses (discriminant analysis) were performed by SPSS 12.0 soft ware (SPSS Inc., Chicago).
RESULTS AND DISCUSSION
Pareto Analysis
Th e PCA-Pareto analyses of the 13 C-NMR data show that the HS samples studied were separated into three diff erent groups that coincided with their diff erent HS classes: GHA, BHA, and FA ( Fig. 1a and 1b) . If we identify the spectrum region that defi nes and discriminates among each HS group, we observe that it corresponds with a range of certain well-defi ned chemical structures. Th us, the corresponding area for the GHA fractions is associated with the 10-to 50-ppm range, which is related to methyl and methylene (aliphatic) structures (Mahieu et al., 2002; Mao et al., 2000; Wang and Xing, 2005) . Th e area for BHA fractions is associated with the 108-to 145-ppm range that corresponds with aromatic structures (Mahieu et al., 2002; Mao et al., 2000; Wang and Xing, 2005) . Finally, for FA fractions, the area is associated with both the 60-to 96-and 162-to 190-ppm ranges, which are related to alcohols and ethers, and carboxyl structures, respectively.
Th e Pareto analysis of the SFS spectra also rendered specifi c areas corresponding to each HS fraction ( Fig. 2a and 2b ). Th us, the GHA area corresponds to 300-to 350-nm peak signals, which are related to naphthalene and its derivatives (Peuravuori et al., 2002) . Th e BHA area, however, corresponds to 450-to 600-nm peak signals, which are related to polycyclic aromatics consisting of about seven fused benzene rings (Peuravuori et al., 2002) . Finally, two areas are involved for FA samples. Th e fi rst one, around 250 to 300 nm, is related to aromatic amino acids and some other volatile acids containing highly conjugated aliphatic structures (Peuravuori et al., 2002) ; the second one, around 400 to 450 nm, is related to polycyclic aromatics consisting of about fi ve fused benzene rings (Peuravuori et al., 2002) . As for the application of Pareto analysis to FTIR spectra, we can observe that the GHA fraction is grouped (Fig. 3a) and associated with aliphatic C-H stretching (2850-2950 cm −1 in Fig.   Fig. 3 ----r 3b). On the other hand, the BHA fraction (Fig. 3a) is associated with structural vibrations of aromatic C=C (1550-1650 cm −1 in Fig. 3b) . Regarding the FA samples, only the SRFA is associated with -COOH stretching (around 1700 cm −1 in Fig. 3b) , whereas the WPFA sample is grouped between the GHA fractions and SRFA, and the ZGHA sample is grouped close to the BHA fraction.
Regarding pyrolysis GC-MS data, the Pareto analysis rendered the following structural patterns (Fig. 4a and 4b) . Th e GHA samples appear disperse but associated with peaks corresponding to alkanes and alkenes from C 16 to C 28 , including terpenes. Th e BHA fraction samples appear much more grouped and are related to peaks corresponding to aromatic structures (anthracene, benzothiophene, and phenanthrene). Finally, the FA samples are associated with furfurals and furans (Fig. 4b) . - 
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In relation to UV-Vis, in Fig. 5a we observe that the GHA fraction samples are grouped around 400 to 480 nm, related to absorption of n-π* systems of polyenes and cyanines (Prestch et al., 1991) . Th e BHA samples are more grouped and associated with the 250-to 290-nm range, corresponding to transitions of π-π* aromatic systems (Prestch et al., 1991) . Finally, the FA fraction appears more disperse and related to the 550-to 680-nm range, which is associated with transitions of π-π* conjugated systems and transitions that may involve metals (Prestch et al., 1991) . Th e results obtained clearly show that 13 C-NMR is the best technique to group the diff erent HS samples in their corresponding humic acid class (GHA, BHA, and FA) using Pareto analysis (Fig. 1a) . Likewise, these results also show that BHA is the easiest fraction to be characterized because it appears grouped on the Pareto analysis for all analytical techniques used (Fig. 1a, 2a, 3a , 4a, and 5a), whereas FA is the most disperse fraction. Regarding GHA, the results were coherent but slightly diff erent depending on the sample. Th us, in some cases ZGHA is located outside of the GHA group and close to BHA. Th ese results indicate that BHA is the most homogeneous fraction and FA the most heterogeneous one. Likewise, they also indicate that BHA and GHA might be genetically associated with each other, since when the ZGHA sample appears out of GHA group, it always appears near the BHA group.
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On the other hand, it is also noteworthy the very useful structural information that can be obtained from the application of Pareto analysis to the data derived from each analytical technique (Table 1) . Th us, the GHA fraction is characterized by an important degree of aliphaticity ( 13 C-NMR and FTIR), a certain aromaticity but simpler (SFS: polycyclic aromatics consisting of about two fused benzene rings) than in BHA, and some conjugation in polyens and cianines (UV-Vis). Th e BHA fraction presents a greater and more complex aromatic character than GHA or FA ( 13 C-NMR, FTIR, and UV-Vis), involving polycyclic aromatics consisting of about seven fused benzene rings (SFS) and heterocycles such as benzotiophenes (SFS and pyrolysis GC-MS). Finally, the FA fraction is the most heterogeneous one. It contains simpler and less degraded and more functionalized organic molecules, such us polysaccharides, alcohols, and ethers ( 13 C-NMR); aromatic amino acids and some aromatic groups (SFS); carboxylic groups (FTIR); furfurals and furans (pyrolysis GC-MS); and fi nally, conjugated systems that may involve complexed metals (UV-Vis) as previously hypothesized (Simpson et al., 2002) .
Discriminant Analysis
Th e application of discriminant analysis to Pareto data confi rmed the above-mentioned results (Table 2 ). In Fig. 5 , we present the diff erent groups and the centroid corresponding to the diff erent HS fractions (GHA, BHA, and FA) for each analytical technique.
In 13 C-NMR, SFS, and pyrolysis GC-MS, the fi rst function explains >95% of the variance, showing a high eigenvalue. In the case of FTIR, the fi rst function explains 75% of the variance but the corresponding eigenvalue is higher than the second-function eigenvalue. From UV-Vis, the fi rst function explains 63.4% of Table 1 . Different fractions in humic substances and their characteristic structural groups by 13 C nuclear magnetic resonance spectrometry (NMR), synchronous fl uorescence spectroscopy (SFS), Fourier-transform infrared spectroscopy (FTIR), pyrolysis gas chromatography-mass spectrometry (GC-MS), and ultraviolet-visible light spectroscopy (UV-Vis). variance and the fi rst-and second-function eigenvalues are similar to each other. In relation to grouping discrimination, we can see in Fig. 6 that the BHA samples appear well grouped for 13 C-NMR, FTIR, and pyrolysis GC-MS, while the FA samples for 13 C-NMR, SFS, and FTIR. Th e GHA samples appear less grouped than the BHA and FA samples, although they are more grouped for 13 C-NMR, SFS, and FTIR than for pyrolysis GC-MS and UV-Vis.
Th e singular character and discrimination of the abovementioned structural features characterizing each HS class was also confi rmed by the discriminant analysis. Th us, the samples were grouped reasonably well and, in any case, one HS sample belonging to a specifi c HS class was located in groups corresponding to another HS class. In this sense, the Wilks' lambda value (good separation among groups) indicates that 13 C-NMR, SFS, FTIR, and UV-Vis achieve a good sample separation, better than pyrolysis GC-MS (Table 2 ; Fig. 6 ).
Finally, all spectra have been included, permitting evaluation of the spectra quality to sustain our conclusions (Fig.  7, 8, and 9) . 
